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INTRODUCTION
a primer MaeCRf specific to leader region together with various reverse primers. All 126 primer sequences used in this study are shown in Table S1 . The loci were amplified 127 from strains NIES87 and NIES102 using primer pairs MaeCRf/MaeCRrtp2 and were purified and then sequenced using the primer walking method. The CRISPR array 142 was completely sequenced for strain NIES102, while those for the other three strains 143 were partially sequenced. Therefore, amplification and sequencing was performed using Table S1 ). Reaction conditions and arbitrary primers for 146 the TAIL-PCR were as described previously (31). A portion of the amplifications were 147 performed using alternative PCR using MaeCRrGT and outward primers based on 148 CRISPR spacers in the sequenced fragments. mild sonication followed by centrifugation at 1,680×g for 10 min. DNA was extracted 155 from the cell pellet using the xanthogenate method as previously described (45, 52).
11
Purified DNA was suspended in 30 μl of sterilized milliQ water.
157
Because conventional PCR amplification was not applicable to M. aeruginosa 158 populations, we developed a PCR strategy based on the leader region (primer 159 MaeCRf2) and repeat-spacer units (primers MaeCRrGT or its derivative MaeCRrCA) 160 (Fig. 1A) ; thereby amplifying the leader-side fragments of M. aeruginosa CRISPR 161 irrespective of their genomic contexts. The PCR was performed in 50μl containing 2.5 162 μL 1:100 dilution of the environmental DNA, 0.8 μM each primer, 0.25 mM each dNTP,
163
1×EX Taq Buffer and 2 U TaKaRa EX Taq polymerase (Takara Bio). The reaction 164 conditions were: 94°C for 4 min followed by 30 cycles; 94°C for 30 s, 62°C for 1 min 165 and 72°C for 1min; and a final extension of 72°C for 7 min. The PCR products were 166 separated using electrophoresis on 2.0% (w/v) agarose S gels (Nippon Gene, Tokyo, 167 Japan). The gels were stained with GelRed (Biotium, CA) and visualized using the Gel 168 Doc XR system (Bio-Rad Laboratories, CA). To prevent bias of preferential cloning of 169 smaller DNA fragments, small gel blocks were separately excised, and DNA was 170 purified and cloned. Thirty-nine and 50 clones were sequenced in full from PCR using
171
MaeCRrGT and MaeCRrCA, respectively, using the primer walking method (primers 172 are shown in Table S1 ). The CRISPRtionary program (17) was used to find identical 173 spacers in different CRISPR fragments. Then, the fragments sharing the same spacer 174 order were manually assembled into contigs. To ensure accuracy, the leader-distal 175 spacer was removed from the contigs, because the PCR used in this study was shown to 176 allow one mismatch at the 3'-end additional dinucleotide of the reverse primers.
177
Bioinformatics analysis.
178
CRISPR repeats and spacers were identified using the CRISPRFinder (16) with 179 manual validation. A similarity search of the unique spacer sequences was performed 180 against the NCBI nr database using BLASTN with an E-value threshold of 0.1 and the 181 word size set at 7. The best hits for bacteriophages and plasmid sequences were 182 investigated and those showing ≥80% identity over the queried spacers were considered 183 to be significant. Partial phage/plasmid sequence including the sequence match and 184 covering the spacer length was referred to as a putative proto-spacer. Sequence logos 185 were generated with the WebLogo (9) using 10-bp flanking sequences on both sides of 186 the putative proto-spacers in phage Ma-LMM01 and M. aeruginosa plasmids (PMA1, 187 pMA1, and pMA2).
188
Separately, spacer sequences were clustered using CD-HIT-EST web server
189
(25) where spacers showing ≥87% identity over >60% of the shorter were clustered.
190
Nucleotide sequences
191
The nucleotide sequences determined in this study are deposited in the 
198
RESULTS
199
Type I-D CRISPR/Cas system in M. aeruginosa. its presence in some plasmids (e.g. Cyanothece sp. PCC8802 plasmid pP880201) (37).
207
In PCC7806, cas1, presumably involved in spacer acquisition (11), was interrupted by 208 an in-frame stop codon, suggesting that spacer uptake may be no longer active in this 209 strain. The sequence between cas2 and the first CRISPR repeat was highly conserved 210 14 between the strains and contained AT-rich regions including a putative promoter element
211
(5'-TTGAAG-17bp-TAYRAT-3'). Therefore the sequence was considered to be a leader 212 (26, 33). The CRISPR/Cas was located in different genomic contexts in the two strains 213 (Fig. 2) .
214
Variation in genomic position of the CRISPR arrays.
215
The CRISPR arrays were sequenced for another four M. aeruginosa strains
216
(NIES87, NIES102, NIES298, and NIES1067), from cas2 to the downstream flanking 217 sequences of the loci (Fig. 3) . The flanking sequences of the loci in NIES102 and transposable element (MITE), and other putative short sequence elements (Fig. 3) .
224
These mobile elements may contribute to the variation of the CRISPR position.
225
Sequence analysis of the CRISPR repeats.
226
Although the CRISPR locality varied among these strains, CRISPR repeat, 227 leader, and partial cas2 sequences were nearly identical among the strains. Thus, Intra-species variability of the CRISPR spacers.
239
The number of spacers varied among the M. aeruginosa strains, from 47 240 (NIES102) to 174 (NIES843) (Fig. 3) . These numbers are significantly larger relative to 241 the average (27 repeats) among prokaryotes (14).
242
CRISPR spacer repertoire was compared in the context of phylogenetic 243 relationships among the six strains. Between strains NIES102 and NIES843 (Fig. S1 ), a 244 string of 11 spacers were shared at the leader-side of the loci, while the rest were 245 strain-specific (Fig. 3) . The other four strains, including the closest of the 246 16 NIES102/NIES843 clade (strain NIES1067), had only strain-specific spacers (Fig. 3 ).
247
Diversity of the leader-end CRISPR fragments in natural cyanobacterial 248 populations.
249
To investigate the CRISPR diversity in a natural population, we used the (Table 2 ). We designate them as "CRISPR types (CTs)", 257 which probably represent distinct CRISPR genotypes. Up to 32 spacers (13 on average) 258 were obtained for each CT (Table 2) . No spacers were shared between the CRISPR 259 types, except for three pairs of CTs sharing a portion of their spacer sets (Table 2) . (Table S2) .
277
The 10 spacers had 83-97% identity to the genome sequence of M. aeruginosa 278 phage Ma-LMM01. Of these, four spacers were identified in the host strain, NIES298 279 (Fig. 3) . The other six spacers were identified in strain PCC7806 and CRISPR types 280 CT6, CT15, and CT19 (Fig. 3, Table 2 ).
281
Ten, 13, and seven unique spacers showed sequence matches to plasmids 282 PMA1 from M. aeruginosa HUB 5-2-4 (42), pMA1, and pMA2 from NIES87 (46), 283 respectively (Fig. 3, Table 2 ). Of these, four spacers showed 100% identity to sequences 284 in the corresponding plasmids. Putative proto-spacers were evenly mapped onto each 285 plasmid sequence (Fig. 4) . The other three spacers showed moderate sequence similarity 286 across genera to Cyanothece sp. PCC7424 plasmid pP742402, Streptococcus 287 thermophilus LMD-9 plasmid 1, and Bacillus coagulans plasmid pMSR0 (86, 82, and 288 82%, respectively).
289
Independent acquisition of similar spacers.
290
Clustering analysis of the 995 spacer sequences identified 48 distinct pairs and 291 four triads of spacers that share nearly identical sequences (Table S3) . In each pair, the 292 similar spacers exhibited overlapping that could be merged into a contig. Further, in 19 293 cases the paired spacers were complementary (Table S3) However, we found several spacers matching known foreign genetic elements for M. repertoire at each locus represents a history of previous host-parasite interactions. In our 312 dataset the spacer repertoire was unique for each M. aeruginosa strain (Fig. 3 ). This Table 2 ). The lack of population-wide fixed spacers may be also suggested in 328 another population (Lake Kasumigaura), where M. aeruginosa strains (NIES87, 329 NIES298, and NIES102) isolated in Sep 1982 (Table 1) shared no single spacer (Fig. 3) .
330
These data suggests purifying selection is unlikely to be so extensive that only strains 331 carrying specific spacers can survive. In other words, the host-phage interaction may be (Table S3 ) also supports the subdivided host-phage interactions. (Fig. 3) . This may suggest the 346 two strains share a common ancestor at the CRISPR loci (i.e. involved in the same 347 "susceptible combination"). However, these strains have diverged to show more than a 348 hundred strain-specific spacers (Fig. 3) , and the shared spacer block was not polarized 349 to the leader-distal end. If apparent rate of spacer addition is constant in the two strains understand host-parasite co-evolutionary dynamics more clearly and deeply.
358
CRISPR array was significantly longer in M. aeruginosa than other organisms.
359
A modeling study where host density is kept constant predicts that larger viral diversity (Fig. 3) and three CTs from Hirosawanoike Pond (Table 2 ). This implies (Fig. 4) suggests the recipient CRISPR recognized the 387 plasmids themselves transferred from potential donors, rather than other plasmids 388 sharing specific components (e.g. conserved replication genes). The proposed 389 interference mechanisms of the CRISPR/Cas systems predict that spacers completely 390 24 matching a plasmid prevent it from establishing in the host (13, 39). In accordance, M.
391
aeruginosa NIES843 possessing a spacer with 100% identity to plasmid pMA1 (Fig. 3) 392 carries no plasmid (28). Unstable presence of the small plasmids reported in some M. 393 aeruginosa strains (42) may be attributed to such CRISPR-mediated exclusion.
394
However, strain NIES87 retains pMA2 (46), despite possessing a spacer with 100% 395 identity to the plasmid (Fig. 3) . This apparent conflict may have resulted from defective 396 CRISPR interference given the proliferation of IS elements around the CRISPR array in 397 NIES87 (Fig. 3) . The small plasmids carry very few genes, and thus their role in putative proto-spacers without bias toward either strand of the plasmids (Fig. 4) 410 suggests the M. aeruginosa CRISPR/Cas recognizes DNA rather than RNA. Combined 411 with the presence of the upstream PAM (Fig. 5) , this is in accordance with the type-I 412 information processing (i.e. spacer acquisition) system (36). (Fig. 3, Table S3 ). 
